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An integral probe for capillary zone electrophoresis/continuous-flow fast atom bombard- 
ment mass spectrometry was constructed and operated in either the coaxial or liquid-junc- 
tion interface mode. Results using these interfaces for the analyses of synthetic peptides are 
presented. The coaxial arrangement attains the best electrophoretic performance, generally 
providing a greater number of theoretical plates. However, in that the electrophoresis times 
are generally greater for the liquid-junction interface because there is no mechanical flow 
resulting from the source vacuum, the overall separation efficiency of the liquid-junction 
interface is equal to or greater than that of the coaxial interface. In addition, the liquid-junc- 
tion interface is easier to set up and operate, and allows larger inner diameter capillaries to 
be used to achieve higher sample loads. (1 Am SK Muss Spectrum 1992, 3, 198-206) 
C 
apillary zone electrophoresis (CZE) is based on 
early experiments reported by HjertGn [ 11, per- 
formed in a rotating 3-mm ID quartz tube. 
Although Virtanen [2] and Mikkers et al. [3] showed 
the advantages of using capillaries with smaller inner 
diameters, a major breakthrough occurred when Jor- 
genson and Lukacs [4] obtained high resolution sepa- 
rations. 
CZE is becoming an important tool in biochem- 
istry, especially because the very high numbers of 
theoretical plates that can be obtained can provide 
high resolution separations [5]. Often the separation 
selectivity of CZE is complementary to that of high 
performance liquid chromatography (HPLC) [6]. The 
small volume of sample required for CZE (picoliters to 
nanoliters) has enabled, for example, direct sampling 
from single cells [7]. Furthermore, it has been shown 
that the biological activity of samples is not affected 
by this technique [S]. 
Separations arise because of different electrophoret- 
ic mobilities (a,,) of analytes. The mobilities can be 
manipulated by adjusting the pH of a chosen elec- 
trolyte [6]. The very high number of theoretical plates 
reached in CZE is a consequence of the fact that the 
major factor contributing to zone broadening is axial 
diffusion as described by the Stokes-Einstein law [9], 
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assuming ideal sample injection, and minimal wall 
interactions and Joule heating. Thus short capillaries 
and a high electric field should lead to excellent sys- 
tem performance. It is noted that the measurement of 
the number of theoretical plates of a system is only 
one measure of performance. For any given sample, 
the separation efficiency of a system, i.e., the ability 
of a given electrophoresis experiment to physically 
separate two components in the sample mixture, is 
the most important criterion. Here, the time period 
and buffer properties of the electrophoresis process is 
most important. Thus, it is possible to have a system 
give a greater number of theoretical plates than an- 
other, but to show poorer separation efficiency of a 
given sample. 
In CZE, unlike in pressure-driven systems with 
their parabolic flow prohle, the injected sample vol- 
ume or migrating zone is not distorted because the 
electroosmotic flow shows a pluglike velocity distribu- 
tion. The magnitude of this velocity (u,,) depends on 
the applied CZE voltage and the c-potential, the volt- 
age across the solvent/solute layer adjacent to the 
inner wall of the capillary. This {-potential is affected 
by the pH and ionic strength of the electrolyte [lo, 111 
and can be further manipulated by coating or modify- 
ing the fused silica [12, 131 or by applying an external 
field [14]. Solvated positively charged ions move to- 
ward the more negatively charged electrode, provid- 
ing a net mechanical flow of liquid, typically of the 
order of nanoliters per minute. This is termed elec- 
troosmotic flow. Migration of charged species, i.e., 
positive compounds toward the negative electrode 
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and negative compounds toward the positive elec- 
trode, termed electrophoretic mobility, occurs concur- 
rently. If the electroosmotic mobility of the electrolyte 
is higher than the electrophoretic mobility of the 
charged species, alI analytes, both positively and neg- 
atively charged, wiII elute at the cathodic end of the 
system. 
Various detectors have been used in combination 
with CZE, with mass spectrometry being unique for 
its combination of high sensitivity and mass speci- 
hcity. The hrst coupling of CZE with mass spectrome- 
try was reported by Olivares et al. [15], using an 
electrospray interface. More recently, the electrospray 
technique has been improved by the use of a sheath 
liquid [16]. Andresen and Fought [17] proposed an 
interface with double capillaries for various desorp- 
tion techniques. A setup similar to the electrospray 
interface was described by Lee et al. [18] using an 
electrospray source incorporating pneumatically as- 
sisted nebulization (also called ion spray). The cou- 
pling of CZE with continuous-flow fast atom bom- 
bardment (CF-FAB) ionization [19] was first reported 
by Minard et al. [20]. Tomer and co-workers [21] 
described a coaxial interface for CF-FAB and capillary 
separation techniques, such as CZE, which provides 
an efficient coupling of liquid flow techniques with 
mass spectrometers. A liquid-junction interface has 
been described by Caprioli et al. [22]. 
We have designed, constructed, and tested an inte- 
gral CZE/CF-FAB probe that can utiliie either a co- 
axial interface or a liquid-junction interface arrange- 
ment. This article describes the performance of this 
combination probe and compares results obtained us- 
ing the two interfaces. 
Experimental 
CZE Mass Spectromety interface 
The capability for the use of different interface operat- 
ing modes was deemed important in the construction 
of an integral CZE/MS probe. The main advantage of 
the coaxial interface rests on the fact that it has virtu- 
ally no dead volume because the CZE capillary termi- 
nates directly at the probe tip, as shown in Figure la. 
The electric field strength within the electrolyte is 
given with two well-defmed potentials: the voltage 
applied to the anodic buffer container and the ion 
source potential, which acts as the cathodic counter- 
part. The liquid-junction interface, on the other hand, 
has significantly greater dead volume, but has the 
advantage that it is exceedingly easy to assemble and 
operate (Figure lb) and efficiently decouples the vac- 
uum-induced mechanical flow produced by the high 
vacuum ion source. 
The diagrammatic representation of the CZE/CF- 
FAB probe for a high resolution mass spectrometer is 
shown in Figure 2. For the coaxial setup, the CZE 
capilhuy (10 pm i.d./lB4 gm o.d., 7ll mm long, 
coated on the outside with 10 pm of polyimide; 
Polymicro Technologies, Inc., Phoenix, AZ) is guided 
coaxially within a sheath capillary (203 pm i.d./293 
pm o.d., x 500-600 mm), which extends from a plexi- 
glass tee to the probe tip. The dead volume of this 
setup is 32 nL, if the inner capillary is pulled back 1 
mm from the end of the outer capillary. The CF-FAB 
matrix is fed into the sheath capilIary at a rate of 2 
pL/min by a syringe pump (Brownlee Labs, Santa 
Clara, CA) connected to the interface “tee.” The 
liquid-junction interface was operated as described 
earlier [22], using a 51-pm i.d./144-pm o.d., x600- 
700-mm CZE capillary and a 540-mm-long CF-FAB 
capillary with an i.d. of 75 brn and an o.d. of 260 pm 
(Polymicro Technologies, Inc., Phoenix, AZ). The 
measured flow rate for the CF-FAB solvent was 8 
pL/min. The dead volume given with the CF-FAB 
transfer line is 2.4 aL. 
The apparatus is made of plexiglass and is attached 
to a standard stainless steel probe shaft that fits the 
introduction lock of the mass spectrometer. The high 
voltage (O-50 kV supply; model 205A-5OP, Bertan 
Associates, Inc., Hick&Be, NY) is applied to the 
buffer and sample container via a shielded cable end- 
ing in O&mm o.d. platinum wire and is controlled by 
a safety interlock switch mounted on the outside of 
the probe. A plexiglass handle that is guided through 
a l/4-m. fitting with teflon ferrules in the lid of the 
probe allows placement of the capillary in either the 
buffer or sample container. The CZE capillary is held 
in place by a conventional 3/8in. gas chromatograph 
injector septum. 
Adjustment of the CF-FAB (outer) capillary end in 
or out of the plane of the target surface may be 
desirable under operating conditions, and so a posi- 
tion adjustment device was developed. With this 
setup, the sheath capillary is held in place by a 
graphite ferrule in a 1/16-m. stainless steel fitting that 
is soldered onto a support flange. The whole flange 
can be pushed back by a nut, turning on another 
fitting through which is passed the stainless steel 
inner tube of the probe shaft. This allows for easy and 
precise positioning of the capillary in the probe tip. 
The WE capillaries were preconditioned with 10 
column volumes of 0.1 M KOH and rinsed with 18 
MR water. For low pH operation the capillary was 
conditioned with an additional wash with 0.1 M HCI 
before equilibration with the desired buffer [5]. 
Mass Spectromet y 
CF-FAB mass spectrometry was performed using a 
Finnigan-MAT (San Jose, CA) model 90 double-focus- 
ing mass spectrometer. The instrument was typically 
operated at fulI acceleration voltage of 4.7 kV, a reso- 
lution of - 1200 and a scan speed of 5 s per decade. 
The scan range was m/z 500-660 for the 
MRFA/FLEEL experiments and 1200-1750 for the 
synthetic peptides. The FAB gun was operated at 8 
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Figure 1. Schematic representations of the coaxial (a) and liq- 
uid-junction interfaces (b). The arrcws indicate the orientation 
and magnitude of the electric field strength E (see text for 
details). E,,,,, in a is defined by the source potential (+5 kV) 
and the grounded syringe pump (not shown). 
kV with xenon gas to give a monitor current of - 40 
pA. The ion source pressure was normally 1.5 * 10m4 
mbar with the coaxial interface and 1.7-3.0 . 10e4 
mbar with the liquid-junction interface. The ion 
source temperature was set to about 45 “C. The flow 
rate of the CF-FAB solution was - 2 pL/min for the 
coaxial interface and 8 pL/min for the liquid-junction 
interface. 
Chemicals 
All solvents were HPLC grade. The water had a 
resistance of 18 MO. The peptide MRFA was obtained 
from Research Plus, Inc. (Bayonne, NJ), and FLEEL, 
from Vega Biochemicals (Tucson, AZ). Synthetic pep- 
tides were prepared by solid phase synthetic methods 
using an Applied Biosysterns Inc. (Foster City, CA) 
model 430A automated peptide synthesizer. Mesityl 
oxide was obtained from Aldrich Chemical Company, 
Inc. (Milwaukee, WI). All other chemicals were of 
analytical grade or better. 
The CZE buffer system was a 40 mM citric acid 
solution adjusted with NH,OH to pH 3.0 for the 
MRFA/FLEEL mixture and pH 2.5 for the synthetic 
peptides. This system has been previously used with 
good results [22]. The composition of the CF-FAB 
solvent was 25% glycerol in 5 mM aqueous heptaflu- 
orobutyric acid for the coaxial interface and 5% glyc- 
erol/3% acetonitrile in aqueous 6 mM acetic acid (pH 
3.4) for the liquid-junction interface. 
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Figure 2. CZE CF-FAB probe. Operational aspects are given in the text. 
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All aqueous solvents and buffers were filtered us- 
ing disposable Nalgene fdter funnels (OX-pm cellu- 
lose nitrate membrane, Nalge Co., Rochester, NY). 
Sample solutions were altered using microfuge 0.45- 
pm Durapore fdter units (Millipore Corp., Bedford, 
MA). 
Results 
Sample Loading 
Usually, for CZE employing ultraviolet (UV) or other 
non-mass spectrometric detectors, samples may be 
loaded into the CZE capillary by either electrokinetic 
or hydrodynamic methods. However, since in CZE/ 
CT-FAB mass spectrometry one end of the capillary 
(or connected transfer lie) is in a high vacuum envi- 
ronment, some special considerations apply. 
With the coaxial interface, sample injection is ac- 
complished by making use of the pressure differential 
between the ends of the capillary (hydrodynamic in- 
jection; no voltage applied to the sample mixture). 
The pressure-induced flow rate can be determined 
with control runs where the electric field strength 
within the CZE capillary is zero, i.e., a voltage equiva- 
lent to the accelerating voltage of the mass spectrome- 
ter is applied to the anodic buffer compartment. The 
pressure-induced flow, and thus the sample load, can 
easily be calculated from the resulting elution time 
and typicaUy is on the order of - 3 nL/min. When 
electrokinetic injection is used while the buffer and 
sample compartment are at atmospheric pressure, 
vacuum-induced hydrodynamic sample loading still 
occurs because the target tip is in the high vacuum 
source. Reducing the pressure in the buffer and sam- 
ple compartment can minimize this vacuum-induced 
flow, although this requires the use of solutions of 
low volatility to avoid concentration changes due to 
evaporation of the sample solvent and for this reason 
has not been further investigated. 
In the case of the liquid-junction interface, sample 
injection was accomplished either hydrodynamically 
by drawing on a syringe connected to the interface 
compartment (as described elsewhere [22]), or elec- 
trokinetically. In the latter, the sample load Q is 
calculated according to 
Q = (p, -t /A+,) . vctrr*/L 
where pea is the electroosmotic mobility, pep the elec- 
trophoretic mobility, V is the applied CZE voltage, C 
the sample concentration, t the injection time, Y the 
inner radius of the CZE capillary, and L the capillary 
length [4]. For most of the work in this study, only 
the electrokinetic injection method was used with the 
liquid-junction interface because it gave the sharpest 
peaks. Hydrodynamic sample loading tends to cause 
more of a diffuse sample zone because of the parabolic 
flow profile resulting from the applied pressure. Dis- 
crimination of the more negatively charged species 
that can occur when using electrokinetic injection was 
considered of minor consequence for the samples 
used in this work, although it can be s&-&cant in 
some cases. 
The CZE/CF-FAB mass spectrometry combination 
using either the coaxial or liquid-junction interface 
differs from conventional CZE detector arrangements 
in that the cathodic end of the capillary is surrounded 
by CF-FAB solvent rather than CZE buffer. For posi- 
tive ion FAB analysis, this cathode is at the accelerat- 
ing potential of the mass spec?rometer. Negatively 
charged matrix components in the interface reservoir 
can enter the CZE capillary at the interface end by 
electrophoretic migration and diffusion, although the 
electroosmotic flow tends to minimiie this. This can 
give rise to concentration and pH gradients depend- 
ing on the electroosmotic flow, the buffer and the 
CF-FAB solvent used. Although this effect is usually 
small, it may have an effect on overall performance in 
some cases. 
Under the experimental conditions described, the 
maximal sample volume, if one takes a 1% sample 
plug relative to the capillary volume as the upper limit 
[23], is 560 pL for the coaxial interface and 14.5 nL for 
the liquid-junction interface. 
Interface Parameters 
Although the coaxial interface can provide sharper 
peak profiles, it has several disadvantages: (1) it is 
prone to mechanical flow within the CZE capillary 
due to the pressure drop between the anodic buffer 
compartment at atmospheric pressure and the ca- 
thodic end in the high vacuum of the mass spectrom- 
eter, generally having a deleterious effect on separat- 
ing efficiency; (2) the very small diameter capillaries 
usually employed makes on-line W detection prob- 
lematic and are easily plugged; and (3) it is more 
ditXcult to set up because the CZE capillary has a 
thinner wall and needs to be inserted coaxially into 
the CF-FAB capillary, often damaging one or both 
capillaries. Although high voltage discharge through 
the wall can occur with both interfaces, this can be 
minimized by avoiding contact (or near-contact) of the 
capillary to any ground point. The major disadvan- 
tage of the liquid-junction interface is the band 
broadening that occurs in the CF-FAB capillary. This 
effect is discussed below in more detail. 
With both interfaces, the CF-FAB solvent has to be 
a sufficiently good electrolyte to provide electrical 
contact between the cathodic end of the WE capillary 
and the cathode potential, whether this is defmed by 
a high voltage source or instrument ground. This 
arrangement results in a small electric field within the 
CF-FAB solvent as shown in Figure 1, defined by the 
accelerating potential of the mass spectrometer and 
the grounded interface or associated syringe pump. 
Thus in the case of the coaxial setup, this field adds to 
the l-potential across the capillary wall, and has an 
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increasing effect on the electroosmotic mobility to- 
ward the plexiglass interface. There is an analogous 
effect for the liquid-junction interface, as shown in 
Figure 1. However, in most cases, this effect should 
be small because the field strength is low (87 V/cm) 
and the analytes are transported at a flow rate of - 8 
gL/min and consequently will be exposed to the held 
for only - 15-20 s. 
One of the advantages of adding make-up solvent 
such as CF-FAB carrier solution is that it allows one to 
run with higher buffer concentrations, because the 
CZE buffer will be diluted with the CF-FAB solvent. 
For example, even with 20 mM NaCl solutions in the 
CZE buffer, tryptic fragments rarely show sodium 
adduct ions in the FAB mass spectra. However, a 
disadvantage is the dilution and band-broadening ef- 
fect of this mixing. This effect is greatest with the 
liquid-junction interface because it has a significant 
dead volume (2.4 ,uL) in the capillary connecting the 
plexiglass junction with the probe tip. 
Joule heating which can cause a radial temperature 
gradient leading to mobility changes is within reason- 
able limits in the apparatus described in this report 
because the capillaries used have inner diameters that 
favor good heat dissipation (< 80 pm) [lo]. In addi- 
tion, the capillaries are cooled for 70% (liquid-junc- 
tion interface) to 85% (coaxial interface) of their length. 
Coaxial lmeflace 
MRFA 
m’z 524 
325 fmoles 
FLEEL 
Ill!2650 
300 fmoles 
In the case of the coaxial interface, the cooling is 
achieved with the surrounding CF-FAB matrix within 
the coaxial setup from the plexiglass tee to the probe 
tip. For the liquid-junction interface, the part of the 
capillary from the anode to the UV detector is in a 
plexiglass box which is kept at room temperature. 
Electrophoretic Performance 
A test mixture consisting of two peptides, Met-Arg- 
Phe-Ala (MRFA; [M + HI+= m/z 524.2) and Phe- 
Leu-Glu-Glu-Leu (FLEEL; [M + HI+= M/Z 650.3) was 
used to establish the operating performance of the 
probe device shown in Figure 2. The peptides were 
dissolved in water and 0.3% trifluoroacetic acid to 
give final concentrations of - 1 mM. By dissolving 
the peptides in water rather than buffer, the sample 
zones will be compressed at the beginning of the CZE 
run (H. H. Lauer, personal communication). Figure 3 
shows the total ion recordings for this test mixture, 
obtained using the coaxial and the liquid-junction 
interfaces. With the coaxial interface, 325 fmol of 
MRFA were detected with a signal-to-noise ratio of 
3O:l and a peak width measured at half height of 
7.4 + 1.1 s (n = 8). With the liquid-junction inter- 
face, 275 fmol of MRFA were detected with a signal- 
to-noise ratio of 15:l and a peak width of 36 * 10 s 
MRFA 
rmz 524 
275 (moles 
Liquid .lunct~ofl lnlsrface 
FLEEL 
Irk! 650 
175 lmoles 
Figure 3. CZE separation of h4RFA and FLEEL with 40 mM citric acid buffer (pH 3.0), shown as 
summed single-ion chromatograms, i.e., m/z 650 -t- 524. Coaxial interface: ZO-kV CZE voltage with 
a resulting current of 3 pA. Vacuum-induced sample load of 2.50 pL, providing 325 fmol of MRFA 
and 300 fmol of FLEEL. Liquid-junction interface: 20.kV CZE, 14 PA; 2 s electrokinetic injection at 
20 kV, yielding a sample load of 275 fmol MRFA and 175 fmol FLEEL. 
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(n = 4). The liquid-junction interface gives rise to 
more zone broadening than does the coaxial interface, 
as seen in Figure 3. It should be noted that the 
different relative intensities of FLEEL and MRFA in 
the two panels in Figure 3 is the result of the sample 
loading method, not the interface. The electrokinetic 
sample loading used with the liquid-junction inter- 
face shows discrimination toward the more negatively 
charged peptide FLEEL, while the sample load result- 
ing from pressure-induced injection in case of the 
coaxial interface reflects the truer initial sample con- 
centrations. 
The number of theoretical plates calculated for the 
peptide separations shown in Figure 3 is given in 
Table 1. The longer migration times obtained with the 
liquid-junction interface and the relatively large dead 
volume contribute to analyte zone broadening. The 
latter effect is apparent in Table 1 from the UV data 
for the liquid-junction interface showing only a 
slightly reduced CZE performance compared to the 
coaxial interface, but a significantly increased band- 
width at the mass spectrometer source. On the other 
hand, the separation efficiency is much better with 
the liquid-junction interface. The elution time for 
MRFA was 944 s (u = 29, n = 7), which was an aver- 
age of 1107 s shorter than that for FLEEL in case of 
the liquid-junction interface. For the coaxial interface 
the retention times were t, (MRFA) = 412 s (u = 34, 
II = 10) and the difference in retention time At, = 92 
s (u = 17, n = 10). This increased efficiency for the 
liquid-junction interface is shown in Figure 3. It is 
presumably a major consequence of the greater time 
period during which electrophoretic separation oc- 
curs. 
Even though all WE experiments were done at a 
pH that gives rise to few charged silanol groups on 
Table 1. Number of theoretical plates (NY 
Coaxial interface Liquid-junction interface 
Mass Mass 
Species UV b spectrometry UVc spectrometry 
MRFA NA 23,000 19,000 2,000 
FLEEL NA 70,000 49,000 13,000 
=N= 5.54. lte/w,,,)z; 
oeak width at half hemht. 
te equals the elution time and w,,~ the 
bUV data are not a&able INAI for the coaxial interface. 
“The UV window is at a distance of 511 mm from the anode. 
prior to the liquid-junction interface. 
the capillary inner surface and the analyte concen- 
trations were kept low, effects of wall interactions 
were observed with both interfaces. MRFA, which 
carries the higher positive charge, generally produced 
broader peaks. Wall coatings, which can lead to sig- 
nificant increases in efficiencies, were deliberately 
avoided in this work to achieve valid comparisons 
and to allow determination of the magnitude of these 
effects. 
Coaxial Interface 
MRFA 
. 
c lord- 
E . 
2. 
75- . 
>- . f 
:: 50 - : 
2 . . FLEEL 
25 - . 
2 
>A, 
. 
e 
CJ o- 
k 
Q 
-25 , 
-100 0 100 200 300 100 
Liquid-Junction Interface 
UV Detectlon q 7 
d 
MS Detectton . . 
Electric Field Strength [V/cm] 
Figure 4. Apparent velocity V, p versus electric field strength 
E. Squares, MRFA; triangles, K EEL (filled symbols represent 
detection by mass spectrometry and open symbols detection at 
the UV window). Experimental conditions as in Figure 3. 
Table 2. Apparent velocity and charge for h4RFA and FLEEL with the liquid-junction interface 
Charge vePP. 10-a Icm/al (E = 281 V/cm) 
Species pH 3.0 pti 3.4 UV’ MS” 
MRFA 1.18 1.08 74.3 f 2.2 78.1 * 2.0 
FLEEL 0.09 -0.14 45.0 f 1.5 35.0 f 2.v 
‘UV detection; 511 mm from anode compartment. 
b Mass spectrometric detection; total CZE capillary length (711 mm), elufion time corrected for 15 s 
spent in the CF-FAB capillary. 
‘Number of experiments; n = 5 for this value, elsewhere n = 7. 
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The apparent velocity of an electrolyte through the 
CZE c+llary is the sum of the electroosmotic (u,,) 
and electrophoretic velocity (I+,), corrected for pres- 
sure-induced flow (u+, equal to zero for the 
liquid-junction interface, if the time spent in the 
CF-FAB capilIary is neglected) [l, 91: 
%pp = %0 + uep - uap = (P, + Pep) ’ E - “Ap 
In the absense of thermal gradients due to Joule 
heating, one would expect a linear relationship be- 
tween uaPP and E. In Figure 4 both interfaces show a 
deviation from a straight line. Note that for the coaxial 
interface values for an electric field strength > 281 
V/cm are not reported. Although higher voltages can 
be applied, the resulting spectra are generally noisy, 
due to arcing through the CZE capillary. The data at 
negative value (- 70.3 V/cm) are obtained when no 
voltage is applied, but the source potential is still at 
+5 kV. All values are corrected for uAP. Higher volt- 
age can be used with the liquid-junction interface, 
due to its thicker capillary wall. However, data collec- 
tion is slow at low electric field strength [ t,(MRFA) = 
90 min at E = 70.3 V/cm] and once the absorbent 
pads on the probe tip were saturated with glycerol, 
stability in the ion source decreased rapidly. For the 
coaxial interface, part of the deviation from a straight 
line is due to the fact that in addition to decreased 
viscosity with higher held strength, caused by Joule 
heating, uAP was measured at E = 0 and the change 
in viscosity with varying field strength was not taken 
into account for the correction of the various data 
points. Note that in the case of the coaxial interface, 
the apparent velocity of FLEEL is even positive at 
negative electric field strength [u, (FLEEL) > 0 at E 
= -70.3 V/cm]. The curves for t % e liquid-junction 
interface show that the overall effect of the interaction 
of the CF-FAB matrix solution with the sample in the 
CZE capillary is significant. The separation efficiency 
is higher compared to the coaxial interface, as de- 
scribed earlier, because of the longer electrophoresis 
times. Also, the values for u,,(FLEEL) calculated 
from the UV traces differ clearly from those obtained 
with the mass spectrometer for the same analysis, 
whereas u,,(MRFA) has similar values at both detec- 
tion windows. Table 2 shows the respective values for 
uapp obtained with the liquid-junction Interface result- 
ing from an electric field strength of 281 V/cm. Also 
listed are the calculated charges at pH 3.0 (electrolyte 
at anode compartment) and pH 3.4 (CF-FAB matrix at 
the liquid junction) (PIAA computer program kindly 
supplied by Applied Biosystems, Inc.). MRFA has a 
charge of - 1, while FLEEL, on the other hand, 
changes from a positively to negatively charged 
species. The values in Table 2 represent average veloc- 
ities. The bulk velocity in the CZE capillary (average 
electroosmotic velocity) can be expected to be con- 
stant along the length of the capillary. The bulk flow 
rate was measured with the neutral marker mesityl 
oxide at an electric field strength of 281 V/cm and was 
found to be 27.8 . 10m3 cm/s. With this value and the 
average velocities from Table 2, the actual elec- 
trophoretic velocity of FLEEL along the capillary can 
be calculated. With the assumption of a linear change 
in electrophoretic velocity along the length of the 
capillary, one gets a velocity for FLEEL of - 8.4 * 10m3 
cm/s at the UV detection window and -28.4 . 1O-3 
cm/s at the liquid junction, a value close to the bulk 
velocity.’ This strongly suggests that the discontinu- 
ous electrolyte composition, possibly giving a signifr- 
cant pH gradient, is in part responsible for the in- 
creased elution time of FLEEL, relative to MRFA, 
when compared to the coaxial interface. Thus, the use 
of a discontinuous electrolyte composition can have a 
significant effect on the mobilities of the analytes and 
the overall separation efficiency. 
An important test of these effects on the separation 
efficiencies of like compounds can be seen in the 
analyses of four synthetic peptides of closely related 
sequence as shown in Figure 5. Even though peptides 
A ([M + HI+, m/z 1425.8, G-KNGRILTL-RN%) and 
B ([M + HI+, m/z 1522.9, G-KNGRILTLPRNPS) have 
an average charge of 3.34, and C ([M + HI+, m/z 
1553.9, GKKNGRILTL-RNI’S) and D ([M + H] +, m/z 
1650.9, GKKNGRILTLPRNPS), 4.34 at pH 2.5, all four 
could be resolved to various extent with the system 
using either interface. The liquid-junction interface 
shows broader peaks and longer elution times, but 
shows better resolution of the compounds. The coax- 
ial interface yields sharp peaks and higher sensitivity, 
but poor separation efficiency. Approximately 36 pmol 
was close to the detection limit for the liquid-junction 
interface for these peptides, while this value was - 1 
pmol for the coaxial interface. The reason for the 
different detection limits for this sample is not known, 
nor was this difference observed for other peptide 
mixtures. 
Conclusion 
Comparing the two CZE/CF-FAB interfaces, the coax- 
ial interface gives better performance with respect to 
the number of theoretical plates available. However, 
‘The linearity is a rough approximation, as pep has been shown to 
follow the empirical expression 1241: 
pep = D In(q + 1)/n’= 
where D is a proportionality constant, q the charge of a molecule at 
a given pH (PIAA Computer Program), and n its size. The correla- 
tion coefficient for the linear regression, relating In(q + 1) to pH was 
calculated to be 0.996 over the range in question (2.9 c pH c 3.5, 
n = 7). Thus follows 
where v, P(O) is the initial apparent velocity and a a constant. The 
IneaSure s velocity u,(x) = x/t represents the average velocity 
that can be written as 
With these two equations and the values for u_.(x) from Table 2. 
the actual electrophoretu velocity u.,,(x) can be calculated. 
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Figure 5. CZE separation of four synthetic peptides, with 40 
mM citric acid buffer (pH 2.5), as shown with the overlaid 
reconstructed single ion chromatograms. CZE conditions: For 
the coaxial interface, conditions were the same as in Figure 3, 
except that the vacuum-induced sample load gave 840 fmol of 
each peptide. With the liquid-junction interface, electrokinetic 
injection (5s/ZD kV) yielded an average sample load of 36 pmol. 
the field gradient in the CF-FAB solvent and the 
pressure-induced flow reduce overall CZE perfor- 
mance as measured by separation efficiencies. In addi- 
tion, the coaxial interface is difficult to operate owing 
to the greater manipulation of relatively brittle capil- 
laries and the risk of high voltage arcing through the 
thin capillary wall. The liquid-junction interface is 
easier to handle and set up, and gives better separa- 
tion efficiencies, although it has the disadvantage of a 
significant dead volume and lower overall sensitivity. 
Also, a reversed electrophoretic effect in the CF-FAB 
capillary can lead to peak tailing and broader peaks, 
and CF-FAB matrix solution can affect the mobiities 
of the analytes. 
Generally, a significant degree of CZE performance 
is lost in both interfaces. For mass spectrometric de- 
tection this is not necessarily a major problem because 
many mass spectrometers “scan” the mass range and 
require relatively broad peaks for optimal signal-tc- 
noise recording. Thus, they cannot be properly used 
with electrophoretic peaks n(zITower in time than the 
scan time of the spectrometer. Generally, at least 
three scans per electrophoretic peak are desirable to 
provide minimal signal averaging. The reduced CZE 
resolution demanded by the use of a scanning mass 
spectrometer is compensated with the added mass 
specific information and potential for tandem mass 
spectrometry measurements. Thii, together with the 
complementary selectivity of CZE compared to HPLC, 
makes the CZE mass spectrometry combination an 
important new tool for the solution of analytical prob- 
lems. Also, new mass spectrometer analyzer/detec- 
tors that have wide mass range signal integrating 
capabilities are becoming more widely available, e.g., 
ion traps, time-of-flight analyzers, and array detec- 
tors. 
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